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Reverse transcriptionThe HIV-1 capsid protein consists of two independently folded domains connected by a ﬂexible peptide linker
(residues 146–150), the function of which remains to be deﬁned. To investigate the role of this region in virus
replication, we made alanine or leucine substitutions in each linker residue and two ﬂanking residues.
Three classes of mutants were identiﬁed: (i) S146A and T148A behave like wild type (WT); (ii) Y145A, I150A,
and L151A are noninfectious, assemble unstable cores with aberrant morphology, and synthesize almost no
viral DNA; and (iii) P147L and S149A display a poorly infectious, attenuated phenotype. Infectivity of P147L
and S149A is rescued speciﬁcally by pseudotyping with vesicular stomatitis virus envelope glycoprotein.
Moreover, despite having unstable cores, these mutants assemble WT-like structures and synthesize viral
DNA, although less efﬁciently thanWT. Collectively, these ﬁndings demonstrate that the linker region is essential
for proper assembly and stability of cores and efﬁcient replication.ional University of Singapore,
nc.Published by Elsevier Inc.Introduction
The capsid protein (CA) of human immunodeﬁciency virus type 1
(HIV-1) has a major role in virus assembly and early postentry events
and is derived from the multidomain Gag polyprotein precursor
(Pr55gag) (Freed, 1998; Vogt, 1997). During or shortly after budding of
immature particles, Gag is cleaved by the viral protease to generate the
individual mature viral proteins including (from the N- to C-terminus)
matrix, CA, nucleocapsid (NC), and p6, as well as two spacer peptides
(SP1 and SP2) (Henderson et al., 1992; reviewed in Adamson and
Freed, 2007; Ganser-Pornillos et al., 2008; Swanstrom and Wills, 1997).
Once Gag is cleaved, dramatic structural rearrangements of the proteins
occur (virus “maturation”), resulting in the formation of mature, infec-
tious virions containing electron-dense conical cores (de Marco et al.,2010; Gross et al., 2000; von Schwedler et al., 1998; Wiegers et al.,
1998; reviewed in Adamson and Freed, 2007; Briggs and Kräusslich,
2011; Ganser-Pornillos et al., 2008).
The HIV-1 core is a fullerene cone composed of approximately 250
hexamers and 12 pentamers that cap both ends of the cone (Ganser
et al., 1999; Li et al., 2000; Pornillos et al., 2011). The N-terminal do-
main (NTD) of CA forms the hexameric lattice and each hexamer is
linked to six others by interactions with C-terminal CA dimers (Briggs
et al., 2006; Ganser et al., 1999; Ganser-Pornillos et al., 2004, 2007;
Huseby et al., 2005; Lanman and Prevelige, 2005; Lanman et al.,
2003; Li et al., 2000; Pornillos et al., 2009). The interior of the core
is a ribonucleoprotein complex containing NC, reverse transcriptase
(RT), integrase (IN), Vpr, Nef, two copies of genomic RNA, and
tRNALys3 (Thomas and Gorelick, 2008; Vogt, 1997).
Following entry of the virus into the cell, the core disassembles,
i.e., the CA shell is removed and the ribonucleoprotein complex is
released, resulting in the formation of reverse transcription complexes
(RTCs) (Fassati and Goff, 2001). The time atwhich uncoating is initiated
is still not clear (reviewed in Arhel, 2010; Levin et al., 2010) and has
254 J. Jiang et al. / Virology 421 (2011) 253–265been reported to be: (i) soon after viral entry (Fassati and Goff, 2001;
Grewe et al., 1990; Hulme et al., 2011); (ii) several hours postentry
(McDonald et al., 2002; Sayah et al., 2004; Shi and Aiken, 2006;
Stremlau et al., 2006); or (iii) just prior to nuclear import of preintegra-
tion complexes (Arhel et al., 2007). Both proper assembly and disas-
sembly of viral cores as well as optimal core stability are essential for
reverse transcription and virus replication (Bowzard et al., 2001; Fitzon
et al., 2000; Forshey et al., 2002; Reicin et al., 1996; Tang et al., 2001,
2003; von Schwedler et al., 1998, 2003).
Interestingly, monkey cells express host restriction proteins TRIM5α
(Hatziioannou et al., 2004; Keckesova et al., 2004; Stremlau et al., 2004;
Yap et al., 2004) or TRIMCyp, a fusion protein in which a region in
TRIM5α has been replaced by cyclophilin A (CypA) (Brennan et al.,
2008; Newman et al., 2008; Nisole et al., 2004; Sayah et al., 2004; Virgen
et al., 2008;Wilson et al., 2008); both TRIM5proteins target intact HIV-1
CA. This results in premature uncoating of the viral core, degradation of
CA, abrogation of reverse transcription, and loss of infectivity (Black
and Aiken, 2010; Rold and Aiken, 2008; Sebastian and Luban, 2005;
Stremlau et al., 2006;Wu et al., 2006; Zhao et al., 2011). Themechanism
by which TRIM5 functions relies on pattern recognition (Ganser--
Pornillos et al., 2011; Pertel et al., 2011) and the ability of TRIM5 to
promote innate immune signaling (Pertel et al., 2011).
Early structural studies indicated that HIV-1 CA consists of two inde-
pendently folded domains, an NTD (residues 1–145) and a C-terminal
domain (CTD) (residues 151–231), which are connected by a short,
ﬂexible linker (146–150) (Berthet-Colominas et al., 1999; Gamble et
al., 1997; Gitti et al., 1996; Momany et al., 1996) that becomes more
structured upon CA multimerization (Lanman et al., 2003). It has been
proposed that linker ﬂexibilitymay allowmovement of the CTD relative
to theNTD (Pornillos et al., 2011;Worthylake et al., 1999) to ensure that
both domains can have similar interactions in the CA hexamer and
pentamer (Pornillos et al., 2011). Despite advances in our knowledge
of CA structure and the considerable sequence conservation of the
linker residues, only limited information on their biological and molec-
ular properties has been available thus far. In the case of murine leuke-
mia virus (MLV), several linker mutations inserted into the CA domain
of Gag (i.e., extending the length of the interdomain linker) led to a
defect in virus assembly and release aswell as the appearance of virions
with aberrant morphology (Arvidson et al., 2003).Hexamer
Lin
Fig. 1. HIV-1 CA hexamer and monomer illustrating the positions of residues in the interdo
hexamer structures, the NTD and CTD are highlighted in purple and green, respectively. The
Ala or Leu are shown in the monomer diagram. Structures were derived from PDB ID: 3GV2Recently, the phenotypes of mutations in two residues in the HIV-1
region of interest have been described. One of these residues is Y145,
which in a number of structural studies has been assigned to helix 7
in the NTD (Gamble et al., 1996; Gitti et al., 1996; Momany et al.,
1996; Pornillos et al., 2009). Surprisingly, a new high resolution NMR
structure of HIV-1 CA consisting of residues 144–231 has shown that
Y145 is crucial for the formation of the CTD dimer interface (Byeon et
al., 2009) (also see below). To assess the biological signiﬁcance of
this ﬁnding, two Y145 mutants (replacement with A or F) were con-
structed andwere found to exhibit a severely compromised phenotype,
including loss of infectivity (Byeon et al., 2009). Other work on CA
residues S108, S149, and S178, which have the potential to be phos-
phorylated, showed that an S149A mutant has low infectivity (Brun
et al., 2008;Wacharapornin et al., 2007) and is only partially defective
in other assays (Brun et al., 2008).
In the present work, we set out to investigate the biological function
of all of the residues between the NTD and CTD, i.e., S146–I150, as well
as the ﬂanking residues Y145 and L151 (Fig. 1). Alanine substitution
mutations were made for each of the residues with the exception of
P147, which was changed to leucine. Two mutants (S146A and
T148A) behave like WT, whereas three other mutants (Y145A, I150A,
and L151A) are noninfectious and exhibit severe defects in core assem-
bly and stability and viral DNA synthesis in infected cells. Two mutants
(P147L and S149A), while poorly infectious, have a novel, attenuated
phenotype. Thus, despite the instability of P147L and S149A cores,
these mutants retain an ability to undergo reverse transcription (albeit
less efﬁciently than WT) and can assemble conical cores that resemble
those of WT virions. These results clearly demonstrate that the interdo-
main linker region has a critical role in facilitating proper core assembly
and stability, which in turn ultimately impact the ability of the virus to
undergo efﬁcient replication.
Results
Single amino acid substitutions in the interdomain linker region of HIV-1
CA
The aim of this study was to examine the function of residues
146–150 in HIV-1 replication and in particular, to determine whetherY145A
S146A
P147L
T148A
S149A
I150A
L151A
Monomer
CTD
NTD
ker
main linker region. Residues in this region are shown in red. In both the monomer and
positions of the ﬁve linker residues and the two ﬂanking residues that were mutated to
from Pornillos et al. (2009), using Cn3D 4.3 macromolecular structure viewer (NCBI).
255J. Jiang et al. / Virology 421 (2011) 253–265they are important for proper virus assembly. At the outset, we
also decided to include residues Y145 and L151, which ﬂank the inter-
domain linker region. Single alanine substitutions were made in all
residues except P147, which was changed to leucine (Fig. 1), since a
P147A mutant was unable to produce virus particles (i.e., RT activity
in the supernatant ﬂuid of transfected cells was not detectable). The
mutations were introduced into the WT HIV-1 pNL4-3 clone (Adachi
et al., 1986) or the env− derivative pNL4-3KFS (Freed and Martin,
1995; Freed et al., 1992). A diagram of the CA structure highlighting
the positions of the residues of interest in the hexamer and in themono-
mer is shown in Fig. 1.Virus production and infectivity of mutants
To determine whether the CA mutants are able to produce virus
particles, the supernatant ﬂuids of transfected cells were assayed for
RT activity (Freed et al., 1995). As shown in Table 1, column 2, all of
the mutants produced signiﬁcant amounts of particles and even the
lowest producer, L151A, exhibited 50% of WT activity. When infectivity
of env+ virus was measured, it was observed that mutants S146A and
T148A had signiﬁcant levels of infectivity, similar to those of the WT,
whereas P147L and S149A had only 4–5% of WT infectivity (column
3). In contrast, infectivity was at background level for Y145A, I150A,
and L151A.
There are instances in which retroviral infectivity can be rescued
or enhanced if env− particles are pseudotyped with a heterologous
envelope protein, such as the vesicular stomatitis virus envelope gly-
coprotein (VSV-G) (Aiken, 1997; Brun et al., 2008; Emi et al., 1991;
Jorgenson et al., 2009; Khan et al., 2003; Naldini et al., 1996; Yee et
al., 1994). Although it is known that VSV-G pseudotyped particles
enter via pH-dependent endocytosis (Matlin et al., 1982) rather than
by direct fusion at the plasma membrane, the underlying mechanism
for rescue is still not understood. Nevertheless, this assay can give infor-
mation on subtle differences between mutants.
Asmight be expected, the infectivity of the completely noninfectious
mutants, i.e., Y145A, I150A, and L151A, could not be rescued by VSV-G
pseudotyping (Table 1, column 4). The env+ mutants that were infec-
tious, i.e., S146A and T148A, had WT levels of infectivity when env−
virions were pseudotyped with VSV-G. Surprisingly, despite the poor
infectivity of P147L and S149A bearing HIV-1 Env, when pseudotyped
with VSV-G, thesemutants displayed essentiallyWT levels of infectivity
(86% and 102%, respectively).
To demonstrate that rescue of P147L and S149A infectivity by VSV-G
can also occur in a different target cell type, the experiment wasTable 1
Virus production and infectivity.
Virus Virus production (%)a Infectivity (%)b
HIV-1 env+ VSV-G pseudotyped
HIV-1c
WT 100 100 100
Y145A 63±13d ≤0.5 ≤10
S146A 81±8 61±11 105±18
P147L 65±19 4±2 86±32
T148A 77±14 86±11 110±18
S149A 65±24 5±1 102±32
I150A 59±12 ≤0.5 ≤10
L151A 50±11 ≤0.5 ≤10
a Virus production was assayed as RT activity in the supernatant of transfected cells.
Values were converted to percentage of WT level for each of three or more indepen-
dent transfections and were averaged.
b Infectivity was measured in the single-round LuSIV assay (Roos et al., 2000). WT
infectivity was set at 100%.
c HIV-1 env− virions were pseudotyped with VSV-G envelope protein, as described
in Materials and methods.
d Numbers to the right of the “±” represent the standard deviation.repeated using the TZM-bl assay for infectivity (Table 2) (Derdeyn
et al., 2000; Platt et al., 1998; Wei et al., 2002). This assay utilizes a
HeLa-derived indicator cell line that supports VSV-G-mediated infec-
tion, but not as efﬁciently as observed in T cells (E.O. Freed, unpublished
observation); a positive read-out is therefore unlikely to be simply the
result of “saturating” the infectivity assay. In this case, we found that
P147L infectivitywas partially rescued (~44%), whereas S149A infectiv-
ity was rescued almost completely (~80%) (Table 2). This suggests that
at least with respect to this parameter, P147L may be somewhat more
defective than S149A. Importantly, rescue was highly speciﬁc for pseu-
dotyping with VSV-G (Table 2). For example, MLV Env was unable to
rescue the infectivity of P147L and S149A, despite the high level of in-
fectivity of “WT” HIV-1 env− virions pseudotyped with MLV Env in
TZM-bl cells (data not shown). Collectively, the VSV-G infectivity data
suggest that the phenotypes exhibited by P147L and S149A differ
from those of the three noninfectious mutants.
Viral protein composition in cell and viral lysates
It was also of interest to determine the viral protein composition
in cell and viral lysates. Cell lysates were prepared as described in
Materials and methods and were subjected to Western blot analysis
with HIV-1 neutralizing serum, which reacted strongly with Pr55gag,
Gag cleavage product p41, IN, and CA (Fig. 2A). To examine the pro-
tein composition of WT and mutant virions, viral lysates were ana-
lyzed with antisera speciﬁc for RT, IN, CA, and CypA. Strong bands
representing p66/p51 (RT), IN, CA, and CypA (Fig. 2B) were visual-
ized after probing by Western blot, whereas Pr55gag bands, detected
with anti-CA antibodies, were very weak (Fig. 2C). This indicates
that the mutants do not have major processing defects.
To determine the relative amount of CypA in virions, the band in-
tensities of CypA to IN were quantiﬁed; the ratio of CypA to IN was
determined and multiplied by 100 (Fig. 2D). IN was chosen for nor-
malization, since the virion-associated IN is unlikely to be affected
by the mutations in CA (Tang et al., 2003). The WT value was set at
100%. All of the mutants except for Y145A had approximately WT
levels of CypA. However, the Y145A mutant had ~5-fold less CypA
than WT, suggesting that this mutant is even more defective than
the other noninfectious mutants.
Transmission electron microscopy (TEM)
The ability to form conical cores is a stringent test for proper assembly
of HIV-1 particles. To investigate the architecture of mutant cores, WT or
mutant virions were imaged by TEM (Fig. 3). In addition to conical cores
(arrows), centric and acentric cores (cores that are proximal to the viral
membrane) were also observed. Infectious HIV-1 is expected to have a
signiﬁcant percentage of conical cores in the virion population. By analyz-
ing the core structures in a large number of particles (ranging from ~100
to ~400), we determined that for WT and infectious mutants S146A and
T148A, the percentage of conical cores was between 40 and 45%Table 2
Rescue of infectivity of pseudotyped WT and mutant env− virions is Env-speciﬁc.a
Virus HIV-1 (pIIINL4env) A-MLVenv VSV-G (pHCMV-Genv)
WT 100 100 100
P147L 10±6b 12±8 44±15
S149A 14±10 9±5 80±15
a Infectivitywasmeasured in a single-cycle assay using TZM-bl indicator cells (Derdeyn
et al., 2000; Platt et al., 1998; Wei et al., 2002). WT infectivity was set at 100%. Three
independent experiments were performed. The data shown are from a representative
experiment, in which each sample was assayed in triplicate.
b Numbers to the right of the “±” represent the standard deviation.
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Fig. 2. Analysis of WT and mutant viral proteins present in cell lysates and in virions. HeLa cells were transfected with WT or mutant plasmid DNAs. Proteins present in cell and
virion lysates were separated by SDS-PAGE in 10% gels and were detected by Western blot analysis. (A) Cell-associated viral proteins probed with HIV-1 neutralizing serum.
Note that analysis of cell-associated proteins suggests that I150A might have a processing defect, but importantly, this defect was not detected in an anti-CA blot of the viral lysate
(see (C), below). (B) Virion-associated proteins probed sequentially with a mixture of anti-CypA and anti-IN, anti-RT, and anti-CA antibodies. (C) Entire Western blot analyzed with
anti-CA antibodies. The CA bands are the same as those shown in (B). (D) Relative incorporation levels of CypA into WT and mutant virions. The CypA and IN band intensities were
quantiﬁed as described in Materials and methods. The data were normalized for each sample by calculating the ratio of the level of CypA to the level of IN and then multiplying by
100. The WT ratio was set at 100%. Note that in this ﬁgure and in Figs. 5, 7, and 8, error bars indicate the standard deviation from at least two or three independent experiments.
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tions at a frequency approximately half that of the WT. However, as is
shown below, these cores display some biochemical properties that differ
from those of authenticWT cores. The noninfectiousmutants lacked con-
ical cores, and instead had approximately the same number of centric and
acentric cores, as also observed in earlier studies (Auerbach et al., 2006;
Dorfman et al., 1994; Fitzon et al., 2000; Forshey et al., 2002; Reicin et
al., 1996; Scholz et al., 2005; Tang et al., 2001, 2007; von Schwedler et
al., 1998, 2003).
Another approach to evaluate the assembly competency of Gag
mutants is to perform in vitro assembly reactions with puriﬁed viral
proteins (Campbell and Rein, 1999; Campbell and Vogt, 1995; Ehrlich
et al., 1992; von Schwedler et al., 1998). Here, we puriﬁed the CA pro-
teins of WT, P147L, and S149A, as well as the Y145A and I150A CA
proteins, which were chosen to represent the class of noninfectious
mutants that form only aberrant cores (Fig. 3). The in vitro assemblies
were analyzed by TEM (Fig. 4). As is typical for WT CA, long tubular
structures were formed (Ehrlich et al., 1992). The P147L and S149A
assemblies had structures that were similar to WT. In some reactions,
subtle differences were observed between the WT and these mutants
(e.g., formation of somewhat shorter tubes by P147L and elongated
narrow tubes by S149A). What is particularly striking, however, is
that in contrast to these CA proteins, neither Y145A nor I150A CA
formed any recognizable structures.
Taken together, the EM data demonstrate that while the noninfec-
tious mutants are severely defective with respect to virus assembly
both in vivo and in vitro, mutants P147L and S149A exhibit an atten-
uated assembly phenotype.Synthesis of viral DNA in infected cells and in detergent-treated virions
Several studies have shown that a defect in conical core assembly
is associated with an inability to synthesize viral DNA in infected cells
(Brun et al., 2008; Fitzon et al., 2000; Reicin et al., 1996; Rulli et al.,
2006; Tang et al., 2001). It was therefore of interest to determine
the efﬁciencies of viral DNA synthesis in infections with WT or each
of the P147L, S149A, and I150A mutants. Quantitative PCR (qPCR)
was used to detect the major products of reverse transcription:
R-U5, (−) strong-stop DNA; U3–U5, minus-strand transfer DNA;
Gag, late minus-strand DNA; R-5′UTR, plus-strand transfer DNA;
and full-junction (FJ), 2-long terminal repeat (2-LTR) circles, which
are a marker for entry of viral DNA into the nucleus (Fig. 5A).
The data showed that P147L and S149A synthesized ~10-fold less
of each viral DNA product compared to WT. The results for the two
mutants were essentially the same, although it appears that S149A
made more 2-LTR circles than P147L. With I150A, the amount of
DNA products synthesized was ~104 lower than WT and the two
late products were not detectable. This suggests that the inability to
synthesize viral DNA in I150A-infected cells is likely due to the com-
plete absence of normal cores in the virion population (Fig. 3;
Table 3). Collectively, the results demonstrate a dramatic contrast be-
tween the levels of viral DNA detected in cells infected with P147L
and S149A and the noninfectious I150A.
We also examined DNA synthesis in detergent-treated virions by
using the endogenous RT (ERT) assay. The amounts of early (R-U5)
and late minus-strand (Gag) products were measured using qPCR
(Fig. 5B). Samples were taken before the initiation of the ERT assay
WT Y145A S146A
P147L T148A S149A
I150A L151A
Fig. 3. TEM analysis of WT and mutant virions present in extracellular ﬂuids of transfected HeLa cells. Env− virions were used for this experiment. Mutants are identiﬁed above each
image. The arrows point to representative virus particles in the ﬁeld with conical cores. The scale bars are 100 nm.
Table 3
Analysis of HIV-1 WT and mutant virions by TEM.
Virus No. of
particles
Particle
size (nm)
No. of particles whose cores are:
Cone-shaped Centric Acentric
WT 252 126±13a 115 (46)b 93 (27) 44 (17)
Y145A 126 152±28 0 51 (40) 75 (60)
S146A 388 134±12 156 (40) 137 (35) 95 (25)
P147L 138 136±25 33 (24) 58 (42) 47 (34)
T148A 234 131±14 103 (44) 74 (32) 57 (24)
S149A 250 141±21 65 (26) 101 (40) 84 (34)
I150A 108 146±19 0 42 (39) 66 (61)
L151A 170 146±22 0 92 (55) 78 (45)
a Numbers to the right of “±” represent the standard deviation.
b Numbers in parentheses are percentages of the total number of particles.
257J. Jiang et al. / Virology 421 (2011) 253–265(pre-ERT) and 24 h later. In this case, following incubation for 24 h,
WT and all of the mutant samples showed the same levels of viral
DNA synthesis for both early and late products of reverse transcrip-
tion. This ﬁnding is consistent with previous studies demonstrating
that the absence of conical cores does not block reverse transcription
in the ERT assay (Brun et al., 2008; Kaplan et al., 1994; Tang et al.,
2001).
Assay of CA function in vivo
To learn more about the ability of the CA mutants to function in
the infected cell, we performed an abrogation assay to test whether
the CA mutants could saturate the post-entry defect in owl monkey
kidney (OMK) cells conferred by TRIMCyp, a potent host restriction
WT P147L
S149A Y145A I150A
Fig. 4. Analysis of in vitro assemblies of WT and mutant CA proteins by TEM. Puriﬁed CA proteins were assembled and then processed for TEM, as described in Materials and
methods. Mutants are identiﬁed above each image (Y145A, I150A) or pair of images (WT, P147L, S149A). The scale bars are 100 nm.
258 J. Jiang et al. / Virology 421 (2011) 253–265factor that interacts with HIV-1 CA and blocks virus infection. In our
experiments, OMK cells were infected with WT and mutants P147L,
S149A, and I150A. After brief (4 to 6 h) incubation, the infected cells
were challenged with an HIV-1-green ﬂuorescent protein (GFP) re-
porter virus. If the CA protein of the initial virus is functional, then
TRIMCyp will be saturated and the reporter virus should be able to
replicate. As a consequence, a signiﬁcant number of the infected
cells should register as GFP+ (Fig. 6). In fact, this is what we observed
when WT was used as the initial virus. If mutant CA proteins are not
able to interact with TRIMCyp, we should obtain the opposite result.
In this case, almost no infectivity was observed when the mutants
were tested. In some experiments, there was a very small difference
between the activity of P147L and S149A compared with the activity
of I150A, but in other experiments, no difference was detected.
These results show that the three mutants were all essentially in-
active in the TRIMCyp abrogation assay. Moreover, the data further
indicate that the differences between the two poorly infectious mu-
tants (i.e., P147L and S149A) and the noninfectious mutants that
were observed in other assays (see above) do not affect the assay
for CA-TRIMCyp interaction.
Determination of viral core stability
In view of the fact that TRIM5 proteins interact most efﬁciently
with CA present in an intact core, i.e., assembled CA (Black and
Aiken, 2010; Ganser-Pornillos et al., 2011; Kar et al., 2008; Langelier
et al., 2008; Sebastian and Luban, 2005; Stremlau et al., 2006; Zhao
et al., 2011), it seemed possible that the results of the TRIMCyp
assay might reﬂect common defects in the core stability of themutants.
Optimal core stability is an important determinant of core function;
virions with hyperstable or unstable cores are not infectious (Bowzard
et al., 2001; Forshey et al., 2005, 2002; Tang et al., 2003; von Schwedler
et al., 2003). To address this issue, we determined the amounts of CA
and RT associated with core structures. WT and mutant virions were
treated with 0.2% (vol/vol) Triton X-100 prior to sedimentation in su-
crose gradients. If detergent concentrations greater than 0.2% (even as
low as 0.3%) were used, only low amounts of CA protein could be
detected for all of the mutants with the exception of S146A and
T148A, which have a WT phenotype (Table 1). This suggested that inthe case of the other ﬁve mutants, viral cores are detergent-sensitive
and unstable.
For analysis of CA content, detergent-treated particles were sedi-
mented in sucrose step gradients; cores were found in fractions 3, 4,
and 5 (Tang et al., 2003). Fractions were probed by Western blot
(Fig. 7A) and the ratio of the amounts of CA in fractions 3 to 5 to
total CA was calculated and multiplied by 100 (Fig. 7B). WT, S146A,
and T148A had ~40% of total CA associated with the core, whereas
Y145A, I150A, and L151A had barely detectable amounts. For P147L
and S149A, between 3 and 5% of total CA was recovered in the core
fractions.
RT content of virions was measured by sedimenting detergent-
treated virions in 20 to 70% (wt/wt) linear sucrose gradients followed
by assay of RT polymerase activity (Freed et al., 1995) (Fig. 8A). Viral
cores, which sediment in sucrose gradients with a density of 1.24–
1.28 g/ml, were found in fractions 8 to 10. WT, S146A, and T148A
each had between 15 and 20% of total RT in core fractions, whereas
the noninfectious mutants had ≤1% RT in cores (Fig. 8B). Mutants
P147L and S149A showed broad peaks of activity, in contrast to the
sharp peak seen for WT (Fig. 8A). The percentage of RT associated
with the cores of these mutants was between 5 and 10% of total RT ac-
tivity (Fig. 8B).
These results show that mutants P147L and S149A retain minimal
amounts of CA and somewhat higher levels of RT in core fractions.
This suggests that the cores of these mutants are also unstable, al-
though not to the same extent as the cores of the noninfectious mu-
tants. Thus, there appear to be small, but reproducible differences
between the core stability of P147L and S149A compared with the
core stability of the noninfectious mutants. Apparently, these small
differences do not affect the outcome of the TRIMCyp assay, al-
though as seen above, other properties of P147L and S149A are
clearly distinguishable from the corresponding properties of the
noninfectious mutants in a variety of assays including infectivity
(Table 1).
Discussion
In the present study, we sought to investigate the biological role of
residues between the two domains of HIV-1 CA (Y145-L151) (Fig. 1)
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replication. Our approach was to make point mutations in residues
encompassing the entire region, i.e., alanine substitutions in all resi-
dues except P147, which was changed to leucine. The results clearly
demonstrate that the CA interdomain linker is crucial for facilitating
proper core stability and architecture.
Analysis of mutant phenotypes shows that the mutants can be
divided into three classes: (i) infectious virions (S146A, T148A);
(ii) completely noninfectious virions with severe defects in viral mor-
phology and function (Y145A, I150A, L151A); and (iii) virions with
very low infectivity, having an attenuated phenotype (P147L, S149A)
(Table 1). Interestingly, the infectivity data for some of the mutants
can be correlated with what is known about CA structure in this region.
Recently, a study combining high resolution NMR analysis of recombi-
nant HIV-1 CA containing residues 144–231 with cryo-EM data for
tubular assemblies of this protein revealed the importance of residues
Y145, T148, and L151 for CTD dimer formation (Byeon et al., 2009). Res-
idue Y145 is crucial for the formation of this interface and for biological
function, since Y145A or Y145F mutants are not infectious and havedefects in core stability and assembly (Byeon et al., 2009), consistent
with our Y145A data (Table 1; Figs. 2–4, 7 and 8). Moreover, of all the
mutants studied here, Y145A is the only one that exhibits a CypA de-
ﬁciency (Fig. 2D), presumably as a result of global changes in CA fold-
ing. A similar defect was also observed with two severely defective
N-terminal CA mutants (W23A and F40A) (Tang et al., 2003). A sig-
niﬁcant reduction in CypA incorporation would be expected to be as-
sociated with mutated residues in the NTD, although our data do not
rule out such an effect when mutation of a residue near the NTD also
results in global disruption of CA structure. The apparent discrepancy
concerning the localization of Y145 is likely due to differences in the
techniques and protein constructs used for the structure
determinations.
Residues L151 and T148 (in order of importance) also exhibit
intermolecular interactions that are involved in CTD dimer formation
(Byeon et al., 2009; I.L. Byeon, personal communication). Thus, the
lack of infectivity of L151A is consistent with the structural data
(Table 1). Most likely, retention of the WT phenotype in the case of
T148A (Table 1) is due to the conservative change from threonine
to alanine. The S146A mutation may not impact infectivity because
this residue is exposed on the surface of the protein (A.M. Gronenborn,
personal communication).
As mentioned above, a major conclusion that emerges from our
study is that residues Y145–L151, with the possible exception of
S146, are critical for proper core formation. Indeed, point mutations
that lead to abrogation or severe reduction of infectivity are often as-
sociated with formation of virion cores that are highly unstable: re-
tention of CA in core fractions is negligible (Y145A, I150A, L151A)
or only slightly higher than background (P147L, S149A), whereas
~40% of total CA in the sample is associated with WT, S146A, and
T148A cores under our conditions (Fig. 7). Core instability of S149A
was also observed in studies on HIV-1 CA residues that are potential
substrates for phosphorylation (Brun et al., 2008; Wacharapornin
et al., 2007). Reduction of RT activity associated with unstable mutant
cores is less severe than depletion of CA in the case of P147L and
S149A (Fig. 8). Thus, removal of the mutant CA shells might occur
shortly after entry by premature uncoating (Stremlau et al., 2006;
reviewed in Arhel, 2010; Levin et al., 2010), whereas RT might be
less labile due to its location in the interior of the virus. In accord
with the CA sedimentation data, we also ﬁnd that P147L, S149A,
and I150A are unable to saturate TRIMCyp in the assay for abrogation
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260 J. Jiang et al. / Virology 421 (2011) 253–265of host restriction (Fig. 6), which gives a positive readout only if the
cores have optimal stability (Forshey et al., 2005).
A striking result of this work is the novel ﬁnding that despite the
poor replication capacity of P147L and S149A, infectivity can be res-
cued in an efﬁcient and speciﬁc manner by pseudotyping env− virions
with VSV-G (Tables 1 and 2). Similar results were obtained for S149A
and S178A in one of the studies of CA phosphorylation (Brun et al.,
2008). Additionally, these authors showed that the pseudotyped
virions undergo more efﬁcient viral DNA synthesis. In contrast, VSV-G
pseudotyping does not rescue the infectivity of the three noninfectious
mutants in our study (Table 1).
It is generally thought that HIV-1 entry into cells depends on in-
teraction with cellular receptors followed by fusion at the plasma
membrane (Hunter, 1997). However, there is also evidence support-
ing the possibility that entry occurs by an endosomal pathway
(Miyauchi et al., 2009). With respect to pseudotyping with VSV-G, it
is known that VSV-G-mediated virus entry occurs via pH-dependent
endocytosis (Matlin et al., 1982), but the reason why this mode ofentry can result in rescue of infectivity is not known. We speculate
that endocytosis might allow delivery of the cores to the nuclear
pore without premature uncoating and a requirement to traverse cy-
toplasmic microﬁlament/microtubule networks (Arhel et al., 2007;
Bukrinskaya et al., 1998; McDonald et al., 2002), thereby bypassing
the core instability defect. A somewhat similar suggestion was made
in an earlier study on VSV-G pseudotyping of nef-defective HIV-1
virions (Aiken, 1997). Alternatively, some other aspect of VSV-G-
mediated entry, e.g., faster fusion kinetics with VSV-G than with
HIV-1 Env (Hulme et al., 2011; Iordanskiy et al., 2006), might result in
bypass of the infectivity defect conferred by the P147L and P149A mu-
tations. Collectively, these considerations lead us to suggest that the
two mutants might be useful tools for studies on the viral entry
pathway.
The P147L and S149A assembly properties and core architecture
are also of great interest. Thus, despite the instability of P147L and
S149A cores (Fig. 7), a signiﬁcant number of mutant virions contain
conical cores that are indistinguishable from WT structures in images
generated by TEM (Fig. 3; Table 3). Moreover, in contrast to the
Y145A (Fig. 4) (Byeon et al., 2009), Y145F (Byeon et al., 2009), and
I150A (Fig. 4) CA proteins, P147L and S149A CA form tubular assem-
blies that are very similar to the long tubes assembled by WT CA,
although some subtle differences can be detected by TEM (Fig. 4). Ex-
periments exploiting higher resolution EM techniques are being initiated
in an effort to identify potential ultrastructural differences between WT
and mutant core structures.
It is now established that in addition to other defects, virions having
unstable or hyperstable cores are unable to undergo or complete
reverse transcription in infected cells (Aiken, 2006; Bowzard et al.,
2001; Forshey et al., 2002; Tang et al., 2001, 2003; von Schwedler et
al., 2003). Accordingly, we ﬁnd that the noninfectious mutant I150A
makes ~104 less viral DNA products than WT and no late products
(Fig. 5A). However, in agreement with the EM analysis, synthesis of
viral DNA products by the P147L and S149A mutants is reduced by
only 10-fold compared with WT and all of the expected DNA products
are detected (Fig. 5A).
Taken together, our results raise the following question: “How can
we reconcile our ﬁnding that in two assays affected by core stability,
P147L and S149A give negative results (Figs. 6 and 7), whereas in
other assays reﬂecting core structure, assembly, and retention of RT
in cores (Figs. 3, 4, 5, and 8), these mutants exhibit an attenuated
phenotype?” It would appear that differences between the WT and
mutant CA protein structures, which in turn dictate core structure
and biological activity (reviewed in Adamson and Freed, 2007; Vogt,
1997), are subtle and may not be sufﬁcient to generate a positive
readout in some assays. This is most likely the case in the TRIMCyp ab-
rogation assay (Fig. 6). Data from a recent structural study support the
idea that the hexagonal scaffold of TRIM5α proteins is assembled
using the symmetry and spacing of the CA lattice as a template
(“pattern recognition”) (Ganser-Pornillos et al., 2011). Thus, even
subtle defects in CA structure and especially defects that lead to core in-
stability (Forshey et al., 2005) could prevent signiﬁcant binding of
TRIM5α proteins to CA. Additionally, the low recovery of CA from iso-
latedmutant cores is not entirely unexpected, since sedimentation at
high speeds, even for relatively short times, is likely to lead to disrup-
tion of cores that are unstable. In contrast, EM and PCR analyses of
DNA synthesis involvemore gentle treatment of virions, thereby gener-
ating a modulated response in these assays.
These ﬁndings have important implications for understanding the
molecular nature of HIV-1 assembly, since they underscore the unusual
plasticity of CA, which despite the rigorous structural requirements that
govern assembly and integrity of viral cores, permits some expression
of biological activity even under less than optimal circumstances
(Tang et al., 2007). Additional studies on the structure of the P147L
and S149A CA proteins should be invaluable for elucidating the ultra-
structure of HIV-1 conical cores and its relation to CA function.
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261J. Jiang et al. / Virology 421 (2011) 253–265In summary, we have shown for the ﬁrst time that residues between
the NTD and CTD of HIV-1 CA (Y145-L151) have a crucial role in virus
assembly and formation of conical cores. Mutations in three of these
residues (Y145A, I150A, and L151A) lead to a total loss of infectivity,
defects in core morphology and stability, as well as virtually com-
plete abrogation of viral DNA synthesis. However, two mutants
(P147L and S149A), while poorly infectious, exhibit an attenuated
phenotype, including rescue of infectivity by pseudotyping with
VSV-G, modest ability to undergo reverse transcription, and assem-
bly of cores with seemingly normal architecture. These ﬁndings pro-
vide new insights into the biological function of a region in HIV-1 CA
that has only recently become the subject of intense interest and rep-
resents a potential target for anti-HIV therapy.
Materials and methods
Cell culture, transfection, and RT assay
OMK cells (a generous gift from Christopher Aiken, Vanderbilt
University Medical Center, Nashville, TN), HeLa cells, and 293 T cellsweremaintained in Dulbecco'smodiﬁed Eagle'smedium supplemented
with 10% fetal bovine serum (Hyclone), 2 mM glutamine, penicillin
(50 IU/ml), and streptomycin (50 μg/ml). Three cell lineswere obtained
from the AIDS Research and Reagent Program, Division of AIDS, NIAID,
NIH: (i) LuSIV cells (from JasonW. Roos and Janice E. Clements, catalog
no. 5460) (Roos et al., 2000), which were grown in RPMI 1640 medium
with 300 μg/ml of hygromycin B (Invitrogen, Carlsbad, CA) and the
same supplements as described above; TZM-bl cells (from John C.
Kappes, Xiaoyun Wu, and Tranzyme Inc., catalog no. 8129) (Derdeyn
et al., 2000; Platt et al., 1998; Wei et al., 2002), which were grown in
the same medium used for HeLa cells (see above); and (iii) HeLa
CD4+ cells (HeLa CD4 Clone 1022 from Bruce Chesebro, catalog no.
1109), which were maintained as recommended (Chesebro and
Wehrly, 1988; Chesebro et al., 1990, 1991).
To produce HIV-1 virions, HeLa cells were transfected in 100-mm
dishes with 10 μg ofWT ormutant proviral DNA, using Lipofectamine™
2000 (Invitrogen), according to the manufacturer's instructions. Super-
natant ﬂuids were collected 36 to 48 h after transfection. Cellular debris
was removed by low-speed centrifugation and subsequent passage of
the clariﬁed ﬂuids through 0.45-μm-pore-size syringe ﬁlters. The ﬂuids
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10 mM) and were divided into several tubes prior to storage at
−80 °C. Particle production was determined by an exogenous RT
assay (Freed et al., 1995). For ERT assays, virus was prepared by trans-
fecting 293 T cells with mutant or wild-type pNL4-3-based proviral
plasmids using the calcium phosphate method (Julias et al., 2001). In
this case, exogenous RT assayswere performed as described byGorelick
et al. (1990).Single-cycle infectivity assays
Viral infectivity wasmeasured using a single-cycle assay. Equivalent
amounts of virus particles, as determined by RT assay, were used to in-
fect LuSIV cells (Roos et al., 2000). Luciferase activity was measured
using the Luciferase Assay System kit from Promega (Madison, WI),
according to the manufacturer's instructions. Some single-cycle assays
were performed by using TZM-bl indicator cells (Derdeyn et al., 2000;
Platt et al., 1998;Wei et al., 2002). The Env vectors used for pseudotyp-
ing HIV-1 env− virions were as follows. The VSV-G expression vector
pHCMV-Genv (Yee et al., 1994) was a generous gift from Jane Burns
(University of California at San Diego School of Medicine, La Jolla, CA).
The HIV-1 Env expression vector pIIINL4env has been described pre-
viously (Murakami and Freed, 2000). The plasmid pSV-A-MLVenv
(Landau et al., 1991), which encodes amphotropic (A) MLV Env,
was obtained from Dan Littman and Nathaniel Landau through the
AIDS Research and Reference Reagent Program, Division of AIDS,
NIAID, NIH.Plasmids and site-speciﬁc mutagenesis
The plasmids used to make site-speciﬁc mutations in the CA linker
coding region were as follows: (i) HIV-1 pNL4-3 (GenBank accession
no. AF324493) (Adachi et al., 1986); and (ii) env− subclone, pNL4-
3KFS, which has a frameshift mutation at a KpnI site in the env coding
region (Freed and Martin, 1995; Freed et al., 1992). PCR products
were generated by nested PCR with appropriate primers. The prod-
ucts were digested with BamHI and SphI, so that the BamHI–SphI frag-
ment in pNL4-3 could be replaced by the corresponding fragment
containing the desired mutation. The same restriction sites were
used to transfer mutations into the env− pNL4-3KFS proviral vector.
In each case, the mutation was conﬁrmed by sequencing performed
by AGCT, Inc. Plasmid DNAs were prepared with a QIAFilter Maxi
Kit (QIAGEN Inc.—USA, Valencia, CA). The HIV-1 GFP reporter con-
struct in which nef was replaced by the coding region for GFP was a
generous gift from Christopher Aiken (He et al., 1997; Shi and
Aiken, 2006).Western blot analysis of WT and mutant viral proteins
Cell and viral lysates were prepared and fractionated in 10% SDS-
polyacrylamide gels as described previously (Freed and Martin,
1994; Huang et al., 1995). A chemiluminescence kit (SuperSignal
West Dura Extended Duration Substrate), anti-human horseradish
peroxidase (HRP), and anti-rabbit HRP were purchased from Pierce
(division of Thermo Fisher Scientiﬁc, Inc.). HIV-1 neutralizing serum
(catalog no. 1983 and 1984) and anti-CA sera (HIV-1SF2 p24 antise-
rum, catalog no. 4250) were obtained from the AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH. Rabbit
anti-CypA was purchased from Biomol International (Plymouth
Meeting, PA). Rabbit anti-HIV IN and RT sera are described in an ear-
lier publication (Klutch et al., 1998). Band intensities were quantiﬁed
by ﬁrst scanning the ﬁlm and then converting the image into a jpg ﬁle
that could be analyzed by using NIH Image (http://rsbweb.nih.gov/
nih-image/about.html).Preparation of puriﬁed CA proteins expressed in Escherichia coli
WTandmutant (Y145A, P147L, S149A, and I150A) CA proteinswere
expressed in E. coli Rosetta (DE3) pLysS (Novagen) with a C-terminal
His tag, using a CA construct as well as an expression and puriﬁcation
protocol (with some modiﬁcations), both kindly provided by Michael
Summers, University of Maryland Baltimore County, Baltimore, MD
(Tang et al., 2002). The ﬁnal eluate from the cobalt afﬁnity column
(TALON Superﬂow Metal Afﬁnity Resin, Clonetech, Palo Alto, CA) was
dialyzed against 50 mM sodium phosphate buffer, pH 7.2, and 5 mM
2-mercaptoethanol.
Transmission electron microscopy
HeLa cells transfected with WT and mutant virions were ﬁxed
with 2% glutaraldehyde in 0.1 M sodium cacodylate and examined
by TEM as described (Freed and Martin, 1994; Tang et al., 2001). For
in vitro assembly, puriﬁed CA protein (60 to 100 μg) was incubated
in 1 M NaCl at 4 °C overnight. Reactions were analyzed by TEM as de-
scribed above for virus-infected cells.
Assay of viral DNA in infected cells and in detergent-treated virions (ERT)
Virus produced by transfecting 293 T cells was used to infect HeLa
CD4+ cells. At 24 h postinfection, total cellular DNAwas extracted (Julias
et al., 2001). Primers and probes used for quantitation of viral and cellu-
lar nucleic acids have been described (Buckman et al., 2003; Thomas
et al., 2006). Brieﬂy, viral sequence targets of the primers and probes
used for quantitation of viral DNA included (−) SSDNA (R-U5), minus-
strand transfer product (U3–U5), late minus-strand synthesis product
(gag), plus-strand transfer product (R-5′UTR), FJ (i.e., 2-LTR circles),
gag for genomic RNA, and CCR5 to determine cell equivalents present
in extracts from infected HeLa CD4+ cells. Quantities of viral DNA were
normalized for cell recovery and exogenous template RT activity.
For ERT reactions, virus produced from transfections was sequen-
tially treated with DNase I (Sigma-Aldrich, St. Louis, MO) and then
subtilisin A (Sigma-Aldrich) (Thomas et al., 2008); ERT assays were
performed as described (Thomas et al., 2008). Viral DNA and RNA
species were quantiﬁed using the primers and probes mentioned
above. The copies of viral DNA were normalized to the number of vi-
rions present in the corresponding pre-ERT sample (calculated by as-
suming 2 copies of genomic RNA per virion).
CA (p24) ELISA assay
Supernatant ﬂuids from cells transfected by WT and mutant virus-
es were assayed for p24 by a Europium nanoparticle immunoassay
(ENIA), as described previously (Tang and Hewlett, 2010). Brieﬂy,
each well of the 96-well microtiter plate was coated with 60 μl of
monoclonal anti-HIV-1 p24 antibody (ﬁnal concentration, 2 μg/ml)
(catalog no. C65690M, Meridian Life Science, Inc., Saco, ME) and
was incubated overnight at 4 °C. After washing ﬁve times with buffer
containing PBS and 0.05% Tween 20 (PBST) (each new step was always
preceded by washing with PBST), the plate was blocked by adding
350 μl of blocking buffer (Starting Block™ Blocking Buffer, Thermo
Fisher Scientiﬁc, Inc.) to each well. One hundred microliter each of
p24 standards (ranging from 0.05 ng/ml to 1 ng/ml) and experimental
sampleswere added andwere then incubated for 1 h at 37 °C. Note that
the sampleswere prepared by diluting viral supernatant ﬂuids 5-fold in
RT buffer containing 0.05% Nonidet P-40 (Freed et al., 1995) and subse-
quently making serial dilutions in PBST containing 1% bovine serum
albumin (BSA). Addition of 100 μl per well of the detection antibody,
which is biotinylated polyclonal anti-HIV-1 p24 antibody (PerkinElmer,
Waltham, MA), was followed by incubation for 1 h at 37 °C. Finally, 107
europium nanoparticles conjugated with streptavidin in PBST contain-
ing 1% BSA were added and the plates were incubated for
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(PerkinElmer) as described (Tang and Hewlett, 2010). The concentra-
tion of HIV-1 p24 in the supernatants was determined based on the
standard curve obtained in the experiments.
Abrogation of host restriction assay
Assays to determine the ability of WT and mutant viral CA to re-
strict infection in OMK cells expressing TRIMCyp, a fusion of TRIM5α
and CypA (Nisole et al., 2004; Sayah et al., 2004), were performed es-
sentially as reported previously (Forshey et al., 2005; Shi and Aiken,
2006). All virus samples were assayed for CA (p24) content so that
the same concentrations of CA could be used for each sample. Serial di-
lutions of WT or mutant virus pseudotyped with VSV-G were used to
infect OMK cells and were incubated for 4 to 6 h at 37 °C. HIV-1-GFP
reporter virus pseudotyped with VSV-G was then added to the
infected cells and incubated for 24 h at 37 °C. The reporter virus was
subjected to preliminary titration on OMK cells and an amount giving
less than 1% of total cells registered as GFP+ was chosen for the assay.
In the ﬁnal step, the cells were treatedwith trypsin andwere ﬁxed in a
freshly prepared solution of 4% paraformaldehyde in PBS. GFP expres-
sion was analyzed with a Becton–Dickinson FACScan ﬂow cytometer.
Isolation of viral cores
For analysis of CA and RT retention in viral cores, supernatant
ﬂuids collected from transfected HeLa cells were sedimented at
100,000×g. The pellets were resuspended in PBS and Triton X-100
(ﬁnal concentration 0.2% (vol/vol)) was added. Samples were then
subjected to sucrose gradient centrifugation without prior incubation.
For CA, step gradients were used, since the CA yield for all samples
was higher and more reproducible after centrifugation for 2 h, com-
pared with the amounts detected following overnight centrifugation
(required for linear gradients). Five fractions were collected from
the top of the tube and the amount of CA in each fraction was mea-
sured by Western blot analysis using anti-CA serum. Fractions 1 and
2 represent the soluble and detergent-soluble fractions, respectively;
fractions 3, 4, and 5 represent detergent-resistant core fractions (Tang
et al., 2003).
To analyze RT retention in viral cores, detergent-treated virions (see
above) were sedimented through 20% to 70% (wt/wt) linear sucrose
gradients as described (Tang et al., 2003). (Assay of enzymatic activity
is more sensitive than Western blotting and in this case, sufﬁcient
amounts of activity were detected after overnight centrifugation.)
Twelve 0.4-ml fractions were collected from the top of the gradient
andwere assayed for exogenous RT activity. The density of the fractions
was determined as described in an earlier report (Tang et al., 2003).
Cores were found in fractions with a density of 1.24 to 1.28 g/ml
(Fig. 8A, fractions 8–10).
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